The role of phytochrome in the induction of nitrate reductase of etiolated field peas (Pisum arvense L.) was examined. 
of Guelph, Guelph, Ontario, Canada to white light, was a high proportion of the total induction after 2 hr of continuous light (20) . We also showed that induction in the terminal buds was more sensitive to brief exposures of red than blue or far red lights, and was red/far red reversible, indicating the dominance of phytochrome in the light reaction (18) .
Schemes for the mechanism of NR regulation by light, by control over inducer nitrate uptake, or by control over general protein synthesis may both be accommodated into photosynthetic or nonphotosynthetic light reactions. Photosynthetic energy is involved in ion uptake (3, 26) and in the maintenance of polyribosome levels (30) . Phytochrome-mediated changes are thought to involve primarily alteration of membrane permeabilities (8, 14) with consequent change of ionic fluxes (17, 27) leading to physiological changes (1, 27) . Phytochromemediated changes occur in the movement of ionic (17, 22, 27) and nonionic species (1, I 1) in green and nongreen tissues, and in the enhancement of polyribosome levels and amino acidincorporating activity (25, 31, 32) .
The current study extends a preliminary report (25) on the control of nitrate reductase in etiolated pea terminal buds, showing that light affects both NR activity and the movement of nitrate in the probable absence of photosynthesis.
Since the discovery of the regulation of higher plant NR' levels by light (9, 12) , a clear conception of the nature of light control has not emerged. One theory explains the effect of light to be the result of increased nitrate uptake by leaves in the light, leading to higher intracellular concentrations of nitrate for induction (5, 6 ). An alternative theory explains the effect of light as a control over polyribosome levels and capacity for amino acid incorporation into proteins, with induction of NR reflecting increased protein synthesis in the light (21, 30, 31) . Because nitrate is required for light-dependent induction (4, 20, 29) Light Treatments. Plants were exposed to broad bands of blue, red, and far red lights, as described previously (18 (Table I) . Brief exposure to broad bands of light afforded a good correlation between induction of NR and increase in the nitrate content of terminal buds (Fig. 1) . In general, red light was more effective than blue or far red in promoting both nitrate enrichment and NR induction ( Fig. 1) .
Excised Terminal Buds. Exposure of dark-grown plants to 5 min of white light, followed immediately by excision and incubation of the terminal buds in darkness, resulted in a 2-fold increase in the nitrate absorbed during a 3-hr incubation, compared to the absorption of nitrate by tissue not exposed to light (Table II) . Light also promoted a 5-fold greater induction of NR compared to the dark controls. Incubation on water instead of nitrate solution resulted in the decline of endogenous nitrate concentration and NR activity, regardless of a previous light exposure (Table II) . About 60% of the nitrate of untreated tissue was retained after incubation on water for 3 hr, whereas NR activity underwent slightly less decline following light exposure.
Induction of NR in excised buds without light exposure and 300 sec, respectively. Where points for white light are followed by a suffix, they represent an experiment on the same day, otherwise the points represent miscellaneous experiments. Points for other lights of the same duration represent an experiment conducted on the same day. Each point represents the difference in the means of quadruplicate assays for nitrate and nitrate reductase, before and 2 hr after the initiation of light exposure. Fig. 2A) . Light-dependent induction was proportionally greater for the lowest values of light-promoted nitrate uptake (Fig. 2B ). Brief illumination of intact plants and incubation of nitratecontaining excised buds in moist air led to small increases (about 100 nmoles NO,2-g fresh weight-' hr-') in NR activity in 3 hr. No increases in activity were detected if the terminal buds were irradiated after excision, and tissue not exposed to light maintained a constant activity in 3 hr (data not shown). That the preception of, and response to, light still occurred in excised buds is shown by the large increase in NR activity of tissue simultaneously floated on nitrate solution and exposed to 5 min of white light (Table III) . Compared to light exposure of plants before excision, exposure after excision resulted in less nitrate absorption and greater induction after dark incubation (Table III) .
Involvement of Phytochrome. The involvement of phytochrome as the pigment mediating light-dependent NR induction and nitrate movement may be inferred from responses to very brief (down to 3 sec) light exposures and the greater quantitative response to brief red as compared to far red light (Fig. 1) . A preliminary study indicating the role of phytochrome (18) (2) and appears to enhance membrane permeabilities (28) . Inclusion of 1% (v/v) DMSO in the incubation medium enhanced nitrate uptake into terminal buds incubated in darkness but had no effect on the induction of NR (Table V) . DMSO was not inhibitory to light-dependent induc- Intact plants were exposed to white light for 5 min then harvested and extracted for enzyme assay at intervals of 0.5, 1, 1.5, and 2 hr from initiation of light exposure. Light-treated excised buds were exposed to 5 min of white light followed immediately by excision and flotation on nitrate solution in darkness. Excised tissue not exposed to light was treated similarly. Samples were taken at intervals of 0.5, 1, 1.5, and 2 hr from initial placement on the solutions. The position of points on the time axis includes half the duration required for harvesting and extracting. tion and did not enhance nitrate uptake above light-promoted uptake in a 3-hr incubation (Table V) .
Glucose and sucrose at 1 and 0.5% (w/v), respectively, promoted a 2-fold increase in nitrate uptake into dark-incubated terminal buds, without promoting NR induction (data not shown). Acetylcholine, reportedly involved in early phytochrome effects on membrane permeabilities and ionic fluxes (17) , was without effect on nitrate uptake or induction, either in darkness or following a short light exposure. The acetylcholinesterase inhibitor eserine (10) was similarly without effect either in the presence or absence of acetylcholine (data not shown).
Kinetics of Nitrate Uptake and Induction. Differences in the kinetics of nitrate uptake between light-exposed tissue and dark controls were not measurable within the first hour of incubation (Fig. 4) . Thereafter, enhanced nitrate uptake increased exponentially with time with respect to the controls (Fig. 4, inset) . DMSO and light were quite different in their effects, the former promoting nitrate uptake without an initial lag (Fig. 4 and inset) .
If induction of NR by nitrate is an example of transcriptional control (23) , induction lag, as in bacterial systems, should not be affected by inducer concentration (7) . Increases in NR activity promoted by either light or nitrate, if the former is acting by mobilizing the inducer, should therefore have similar lag periods if significant differences do not occur in the lag of nitrate movement to the inducing site. A similar lag phase of about 1 hr is shared by induction under the following conditions: by white light in the intact plant, by nitrate in excised terminal buds incubated in the dark, and by nitrate during incubation of terminal buds following white light irradiation and excision (Fig. 3) .
DISCUSSION
Nitrate Movement. In the etiolated pea, brief light exposure leads to nitrate enrichment of the terminal buds of intact plants and enhanced nitrate uptake into buds incubated in the dark on nitrate solution (Tables I and II tive and red/far red reversible (Table IV) . Two hours of continuous light did not lead to nitrate enrichment of intact terminal buds (Table I) , possibly because of enhanced assimilation under these conditions. The phytochrome-mediated movement of cations (22) and sucrose-'4C (1) into pea terminal buds was the result of exclusion of the species from cells of the internode and uptake into cells of the terminal buds (1, 22) . The kinetics (Fig. 4) shows the development of enhanced uptake during the 1 hr of darkness following phytochrome activation. Light-enhanced uptake was approximately linear for applied nitrate concentrations up to 50 mm (Fig. 2) and an incubation of 3 hr. The linear dark uptake of nitrate with concentration is probably dominated by equilibration with the free space of excised buds.
Mechanism of Light Control of NR Level. Superficially, the action of light on NR appears to be related to enhanced uptake of nitrate by the terminal buds, to be followed by nitrate-dependent induction. Evidence supporting this mechanism includes (a) the correlation between light-dependent induction and increase in nitrate contents over dark controls in intact and excised buds ( Figs. 1 and 2 ), (b) parallelism in the red/far red reversibility of induction and nitrate concentration increases in intact and excised tissue (Table IV) , and (c) the loss of NR activity, in light-treated buds and dark controls, when tissue nitrate declined during incubation on water (Table II) . The foregoing correlations may be fortuitous, however, since (a) induction in the dark was not enhanced by DMSO and sugars, when nitrate uptake was greatly increased (Table V) , (b) light enhancement of nitrate uptake did not occur before induction of NR (Figs. 3 and 4) , and (c) more nitrate was absorbed but less enzyme was induced in buds exposed before, as compared with after, excision (Table III) . The previous correlations may result from the sharing of a common cause, such as promotion by light of protein synthesis leading to the development of both a nitrate uptake system and enhanced induction.
Phytochrome-mediated induction of NR in the etiolated pea may reflect the general promotion of protein synthesis by light which occurs in etiolated plants (25, 31, 32 ). It appears unlikely that such a mechanism alone could explain induction because of (a) the absolute dependence on extracellular nitrate (Table  II) , little induction being shown in buds incubated in moist air following light exposure and none where light exposure followed bud excision, and (b) the greater induction in the presence of nitrate when light exposure followed rather than preceded bud excision (Table III) . Because of the time (about 15 min) required for excision, the development of enhanced protein synthesis would be expected to be greater when light exposure precedes excision, an expectation apparently borne out in the development of nitrate uptake (Table III; Fig. 4 ing pool appeared to be replenished by extracellular nitrate in preference to a large intracellular pool (13, 16) . Although we failed to detect a measurable increase in the nitrate concentration of light-exposed buds over dark controls during the lag phase of enzyme induction (Fig. 4) , an increase in the nitrate content of a small inducing pool may have occurred, distinct from the later development of a nitrate uptake system. The superiority for induction of simultaneous light exposure and contact of buds with nitrate (Table III) may be the result of lightpromoted inducer pool entry, since ionic fluxes decay soon after a brief exposure (24, 33) . The similar lag period of NR induction by light and by nitrate in darkness (Fig. 3) allows the possibility of light acting by mobilizing the inducer. Such a mechanism may coexist with light promotion of general protein synthesis, thus explaining the low efficacy both of nitrate applied without light and of light in the absence of supplied nitrate.
